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ABSTRACT

The discussion about the benefits of a global energy interconnection is gaining
momentum in recent years. The techno-economic benefits of this integration are
broadly discussed for the major regions around the world. While there bas not
been substantial research on the techno-economic benefits, however, some initial
results of the global energy interconnection are presented in this paper. Benefits
achieved on the global scale are lower than the interconnections within the nation-
al and sub-national level. The world is divided into 9 major regions and the major
regions comprise of 23 regions. When all the considered regions are interconnected
globally, the overall estimated levelized cost of electricity is 52.5 €¢/MWh for year
2030 assumptions, which is 4% lower than an isolated global energy system. Fur-
ther, the required installed capacities decrease by 4% for the fully interconnected
system. Nevertheless, a more bolistic view on the entire energy system will prog-
ress research on global energy interconnection as, syntbetic power-to-X fuels and
chemicals emerge as an important feature of the future sustainable global energy
system with strong interactions of the power system not only to the supply, in
energy fuel and chemicals trading globally, but also to the demand side. Global
energy interconnection will be part of the solution to achieve the targets of the
Paris Agreement and more research will belp to better understand its impact and
additional value.
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Y 1. MOTIVATION FOR A GLOBAL ENERGY INTERCONNECTION ¥

The global energy supply in the coming decades is framed by several challenges. Climate
change mitigation requires defossilization of energy supply by mid-21st century to a net-zero
greenhouse gas (GHG) emission society (IPCC, 2018). United Nations (2015) has framed
development pathways for further progress in their Sustainability Development Goals. As,
about 80% of the present energy supply is fossil fuel based (IEA, 2018), widely discussed GHG
abatement strategy of fossil carbon capture and storage is highly costly (Child etal., 2018; Breyer
et al., 2017), does not entirely avoid air pollution and heavy metal emissions (Buonocore et
al., 2016; Epstein et al., 2011) and is neither a solution for the sectors where large point source
capturing is not applicable, as in the transport sector. Bioenergy is limited in the global supply
potential (Creutzig et al., 2015) and thus is not a major solution to the entire energy system.
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Efficiencies of the current fossil based thermal combustion processes are comparably low and
thus favors a massive electrification of the overall energy system in the coming decades (Brown et
al., 2018; Ram et al., 2019a). The main non-fossil electricity generation options are renewables
and nuclear energy. Nuclear fission is a high-cost option (Schneider and Froggatt, 2018; Ram et
al., 2018) and faces limited fuel supply for the existing technology (Barnaby and Kemp, 2007;
EWG, 2013), whereas nuclear fusion has not achieved proof of concept and the long time-scales
for installation, disqualifies it as an urgently needed solution to tackle climate change.

Renewable electricity has been utilized and expanded for more than 100 years for the case
of hydropower to achieve an installed capacity base of more than 1100 GW for an excellent
energy return on energy invested characteristics (Hall et al., 2014), based on highest technical
lifetimes of all power generating technologies, however, further expansion potential is limited
(Gernaat et al., 2017). Since the 2000s, two variable renewable electricity (VRE) technologies,
solar photovoltaics (PV) and wind energy, have received very high growth rates of about 46%
and 22% per year, respectively, leading to a total installed capacity of about 500 GW and
593 GW, respectively, by the end of 2018 (IEA-PVPS, 2018; GWEC, 2018). The advantage
of these two major VRE technologies is their enormous scalability and huge resource poten-
tial (Perez and Perez, 2015), exceeding total global energy demand by orders of magnitude,
particularly for the case of solar energy. The achieved cost level of about 20-25 €/MWh and
25-30 €/MWh for solar PV and wind energy at very good sites (FS-UNEP and BNEE 2018;
Vartiainen et al., 2019), brings both technologies to the forefront as a major source of energy in
the 21st century. Due to violated sustainability guardrails of fossil and nuclear energy options
(Child et al., 2018) and the limited potential of hydropower (Gernaat et al., 2017), a future
energy system will be mainly built on solar and wind energy and thus will have high shares
of renewables in the energy system. Table 1 provides an overview on literature reflecting sus-
tainability guardrails and the true potential of VRE. The first detailed global 100% renewable
energy system analysis has been presented by Sorensen (1996) as early as 1996, followed by Ja-
cobson and Delucchi (2011) and Teske et al. (2011) in 2010/2011, with more comprehensive
and detailed discussions since then.

The primary sectors in the global energy system are power, heat, transport and industry.
Most of the present primary and final energy demand is not electricity-based (IEA, 2018;
Ram et al., 2019a). However, massive direct and indirect electrification of the energy system
in all of the aforementioned sectors can enable electricity as the major energy carrier in the
future (Haegel et al., 2019). Technologies converting electricity to other forms of final energy
and energy services are summarized as Power-to-X (PtX) technologies. These PtX technologies
include power-to-heat (direct electric heat, electric heat pumps (Averfalk et al., 2017; Blarke,
2012)), power-to-water (reverse osmosis desalination (Caldera et al., 2016)), power-to-fuels/
chemicals (hydrogen (Tremel et al., 2015; Gétz et al., 2016; Fasihi and Breyer, 2020), meth-
anation (Tremel et al., 2015; Gotz et al., 2016; Fasihi et al., 2015; Varone and Ferrari, 2015),
synthetic fuels (Varone and Ferrari, 2015; UBA, 2016; Fasihi et al., 2016), synthetic chemical
feedstock (Kranenburg et al., 2026; Palm et al., 2016; IEA, 2017; Fasihi and Breyer, 2017)),
a directly or indirectly electrified transport sector (Breyer et al., 2019a; Khalili et al., 2019)
(battery electric vehicles (Garcia-Valle and Pecas Lopes, 2013; Mahmoudzadeh Andwari et
al., 2017), marine (Tzannatos et al., 2015; Horvath et al., 2018), aviation (UBA, 2016)) and
power-to-CO, for negative emissions technologies (Breyer et al., 2019b; Fasihi et al., 2019;
Breyer et al., 2019¢), but also sustainable or non-avoidable carbon capture and utilization
(CCU) (Farfan et al., 2019). A massive application of these technologies may lead to about
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90% of electricity share in total primary energy supply (Ram et al., 2019a), clearly positioning
electricity as the central energy carrier, but also establishing green hydrogen (Fasihi and Breyer,
2020) as the second most important energy carrier. Ram et al. (2019a) confirm that an energy
system, mainly based on VRE, not only fulfils the sustainability criteria and the 1.5°C target,
but does not lead to higher cost of the total energy system compared to the present, as well as
creates several co-benefits, such as sustainable jobs (Ram et al., 2019b) and enormous water
consumption from rivers reduction (Lohrmann et al., 2019), and stabilizes the total primary
energy demand due to massive efficiency gains.

The state-of-the-art global energy system modelling for high shares of renewables in the
energy mix reveals further insights that are not directly listed in Table 1. Modelling groups
using Integrated Assessment Models (IAM) have not yet found pathways for highly renewable
energy systems (Hansen et al., 2019), whereas groups using Energy System Models (ESM), as
listed in Table 1 and tabulated by Khalili et al. (2019) for the transport sector, have already
found pathways that integrate very high shares of renewables in the energy system. The limited
progress of IAMs towards highly renewable energy pathways is obviously linked to the outdat-
ed cost assumptions for solar PV (Krey et al., 2019), as discussed in Vartiainen et al. (2019)
and with consequences across the entire energy system including negative CO, emission tech-
nologies (Breyer et al., 2019¢). This clearly indicates that more cooperation of these two almost
distinct groups of modelers should be improved (Hansen et al., 2019). Teske (2019) and Ram
etal. (2019a), report that their scenarios are compatible with a 1.5°C target, as set by the Paris
Agreement. Natural climate solutions and negative emissions technologies are not yet standard
in ESMs, since only Teske (2019) has systematically integrated natural climate solutions in
their research and Ram et al. (2019a) report on the carbon sink potential of oil plants that can
be grown on degraded land. Negative CO, emissions technologies (Fuss et al., 2018; Creutzig
et al., 2019) are not yet included in any of the ESMs, which has to do with their core target
of showing the merits of a highly renewable energy system, which already implies a zero GHG
emissions system. However, specific temperature increase targets are not defined as the core op-
timization target. The ESMs have not yet implemented sustainable or unavoidable CO, point
sources (in particular waste incinerators, pulp and paper industry, and limestone contribution
for cement mill emissions) for their CCU and PtX features, since they assume either CO, di-
rect air capture or CO, from biomass. The industrial feedstock sector is not yet well integrated
by all the listed ESMs (Table 1).

The aforementioned outline of the future energy system is based on solid fundamental
insights and respecting sustainability guardrails. However, it is not yet discussed what may be
the optimized power system structure. Two poles are scientifically discussed and can be sum-
marized as the Super Grid approach and a decentralized Smart Grid approach (Battaglini et
al., 2009). The following paper will feature the Super Grid approach from major regions and
continents to a global perspective, so that the potential of a global energy interconnection (Liu,
2015; GEIDCO, 2018; Jiang et al., 2018; Li and Jiang, 2018; Frick and Thioye, 2018; Wang
et al., 2018) can be discussed.

Y 2. TECHNO-ECONOMIC BENEFITS OF CONTINENTAL AND ¥
TRANS-CONTINENTAL ENERGY INTERCONNECTION

A global energy interconnection has been suggested first by Buckminster Fuller (1971).
In 1992, the Global Energy Network Institute (Meisen, 1992) shifted the view for utilizing
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renewable energy sources. Kurokawa et al. (Kurokawa, 2007; Komoto et al., 2009) linked the
concept of a global grid to the abundant global solar energy resource available. Chatzivasile-
iadis et al. (2013) have discussed the concept of a global grid further and added considerations
of operation and regulation. Liu (2015) further lifted the discussion on global energy intercon-
nection to a major research topic in recent years.

In recent years all major regions across the world have been studied for their Super Grid
benefits (Breyer et al., 2017). The most widely researched major regions in the world for very
large-scale grid interconnection has been Europe and North Africa. The research began as early
as in the 1920s for the Atantropa project, suggested by Sorgel (Sorgel, 1932; Voigt, 2007),
converting the Mediterranean into a huge hydropower plant with massive negative environ-
mental consequences. Already at that time a solar PV based Super Grid has been suggested by a
Siemens researcher (Dominik, 1930). The concept of integrating the power systems of Europe
and Africa had been taken up again in the 1960s utilizing the vast hydropower potential of
Grand Inga (Justi, 1960). However, environmental concerns (Winemiller et al., 2016) made
this idea unrealistic, amplified by rising doubts of the economic performance, as pointed out
by Oyewo et al. (2018), since fast cost decline of VRE may offer a more convincing alternative.
In 1980s, hydrogen has been linked to solar energy (Winter, 1981; Sprengel and Hoyer, 1989),
which has been for the first time a comprehensive energy system concept for all energy sectors.
In the 1990s and 2000s, the DESERTEC Foundation (started as Trans-Mediterranean Ener-
gy Cooperation) and the German Aerospace Center rekindled the idea of the energy system
integration of Europe and North Africa (Trieb et al., 2006; 2012; Knies, 2009) as a means of
co-operative benefits for the involved countries, mainly utilizing concentrating solar thermal
power, which had been the least cost energy source of solar electricity at that time. Czisch
(2005) had been the first who showed the benefits of a 100% renewable energy integration of
Europe, Western Eurasia, Middle East and North Africa in a ground-breaking methodologi-
cal advanced research of hourly modelling, which has not yet become the scientific standard
even after 15 years, but which is now the basis of all state-of-the-art research in the field. The
Desertec project has received much attention since the Desertec Industrial Initiative (Dii) was
formed in late 2000s and major reports were published in the 2010s (2012; 2014). It has been
also found that 90% of humankind lives within 3000 km to major deserts Breyer and Knies,
2009; Breyer, 2012), which further highlights the supply potential of solar energy. The Dii
reports highlighted again after many decades that solar PV may be a major source of electricity
for a modern large-scale energy integration.

The second most researched major regions in the world had been Northeast Asia (Komoto
et al., 2009; Mano et al., 2014; Song, 2012; 2014; Komoto et al., 2013; Breyer et al., 2015)
and an East Asian energy interconnection from Australia to China (Taggart et al., 2012). The
vast solar and wind energy potential in Australia and the huge energy demand in the highly
populated regions of East Asia could create substantial benefits for all involved countries (Tag-
gart et al., 2012; Blakers et al., 2012; Gulagi et al., 2017a; Wang et al., 2018). An integration
of Northeast Asian countries may utilize the vast solar and wind energy potential of Western
China and Mongolia, which are rather low populated regions, for the high populated regions
in East China, Korea and Japan.

Most of the studies mentioned above outline the energetic benefits of the Super Grid ap-
proach, but often lack in comparative economic analyses showing that a Super Grid approach
would lead to lower energy system cost than a decentralized energy system. The team of Breyer
showed in recent years that major regions in the world would benefit from a Super Grid ap-
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proach (Breyer et al., 2017). Detailed studies have been carried out for Europe (Child et al.,
2019; Breyer et al., 2016), Eurasia (Bogdanov and Breyer, 2015), MENA (Aghahosseini et al.,
2016; 2019a), Sub-Saharan Africa (Oyewo et al., 2018; Barasa et al., 2018), SAARC (Gulagi
et al., 2017a), Northeast Asia (Bogdanov and Breyer, 2016), Southeast Asia and the Pacific
Rim (Gulagi et al., 2017b), North America (Aghahosseini et al., 2017) and South America
(Barbosa et al., 2017). This comprehensive research has been carried out in three standard
scenario designs: region-wide, country-wide and area-wide integration, which revealed an in-
creasing economic energy system integration benefit from a sub-national level (region-wide)
to a national level (country-wide) of about 7.2% in global average and a further cost reduction
potential of 4.5% from the national level to a major region level (area-wide). These results are
summarized in Table 2.

The cost optimization of the major region analyses is based on two fundamental equations
describing the target function for the least cost optimization (Equation 1) and the energy bal-
ance (Equation 2), as summarized by Bogdanov et al. (2019a).

reg tech

D> (CAPEX, -crf, + OPEXfix, ) - instCap,,

min| 595 (1)
+OPEXvar, - E,,,  + rampCost, - totRamp, ,

gen t,r

The target function of the applied energy model for minimizing annual costs comprises
all hours of a year using the abbreviations: sub-regions (7, reg), generation, storage and trans-
mission technologies (z tech), capital expenditures for technology ¢ (CAPEX,), capital recov-
ery factor for technology 7 (c7f;), fixed operational expenditures for technology r (OPEXfix,),
variable operational expenditures technology # (OPEXvar,), installed capacity in the region 7 of
technology 7 (instCap,,), annual generation by technology in region r (E,, ,,), cost of ramping
of technology # (rampCost,) and sum of power ramping values during the year for the technol-
ogy ¢ in the region r (rotRamp,,).

The main constraint for the optimization is the matching of power generation and de-
mand for every hour of the applied year. For every hour of the year the total generation within
a sub-region and electricity import cover the local electricity demand.

tech reg stor

Vhe[L8760] D Ep,+ D Fue s + D Eroniir: =

reg stor

Edemand + ZEcxpr + Estorch t + Ecurt + Eother (2)
r t

Equation 2 describes constraints for the energy flows of a sub-region. Abbreviations:
hours (4), technology (2), all modelled power generation technologies (zech), sub-region (7), all
sub-regions (reg), electricity generation (£,), electricity import (;

imp)> storage technologies
(stor), electricity from discharging storage (Eqisch)> electricity demand (Ej,,.q), electricity
exported (£,
(Heat, Transport, Desalination, Industrial fuels production, CO, removal) (£,,,), curtailed

). The energy loss in the high voltage direct current (HVDC) and alter-

), electricity for charging storage (E,,q), electricity consumed by other sectors

excess energy (£
nating current (HVAC) transmission grids and energy storage technologies are considered in

storage discharge and grid import value calculations.

Copyright © 2020 by the IAEE. All rights reserved.



On the Techno-economic Benefits of a Global Energy Interconnection 89

The Super Grid results highlighted in Table 2 clearly reveal the enormous benefits of the
Super Grid approach. The most remarkable research result is the cross-border electricity trade
from the highly decentralized approach (region-wide) to the Super Grid approach (area-wide)
of 17%. This means that 83% of all electricity should be generated regionally close to the
demand centers for achieving cost-optimized electricity supply. This result has been achieved
across all major regions in the world within a range of 6% (Southeast Asia) to 24% (North
America). Consequently, it can be concluded that the cost optimized power system shows
mainly decentralized characteristics which are further supported by centralized elements of a
Super Grid to achieve a least cost solution, which leads to the concept of a Super Smart Energy
System, which is discussed in more detail in Child et al. (2019).

The main research question of this paper is “What are the techno-economic benefits of
integration of the major regions to super region clusters or an integrated global energy inter-
connection’. The hypothesis is that a further integration benefit is observed as shown in Table
2 from a two-level integration of sub-national regions to countries and major regions. There is
not enough research on the cost benefits of clusters of major regions, except the Desertec ap-
proach of integrating Europe and North Africa, however, there are not many studies compar-
ing the benefits of a centralized vs decentralized energy system options, since almost all tech-
no-economic studies have been carried out for the centralized case, neglecting a comparison
to the decentralized case. The integration of at least two major regions have been carried out
for the case of East Asia (integrating Northeast Asia and Southeast Asia) (Gulagi et al., 2017a),
Americas (integrating North America and South America) (Aghahosseini et al., 2019b) and
for three major regions of Europe, Eurasia and Middle East and North Africa (Bogdanov et al.,
2016), which did for the first time a recalculation of the earlier research of Czisch (2005). The
results of the super region clusters clearly disapprove the hypothesis of further substantial inte-
gration benefit, since the additional economic benefit of a power system integration is limited
to 0.4% (East Asia), 1.6% (Americas) and 1.3% (Europe-Eurasia-MENA). Such low benefits
may not outweigh the substantial efforts of further grid integration, since the higher com-
plexity of the system is not anymore covered by substantial additional benefits. These results
indicate that the economic optimum for geo-spatial power sector integration can be achieved
on the level of major regions. A global energy interconnection may be still beneficial, but the
respective electricity trade can be expected to be more within the major regions. Additional risk
for less developed and less stable counties my increase the cost of capital for parts of a super
region cluster, which may further reduce the limited benefit, as discussed by Egli et al. (2019)
and Bogdanov et al. (2019a; 2019b). Practically all global energy system analyses assume uni-
form cost of capital assumptions, which is recognized as a clear deficit and research gap, since
it is consequence of a lack of methods for projecting cost of capital for future periods (Egli et
al., 2019; Bogdanov et al., 2019b).

There is limited research on techno-economic considerations of a global energy inter-
connection, since most existing research is limited to energetic considerations, the technical
feasibility and outlining the vision (Chatzivasileiadis et al., 2013; Aboumahboub et al., 2012;
Biberacher, 2004). Dahl et al. (2017) carry out a global 100% renewable energy based grid
analysis for the Northern Hemisphere and find that Europe may reduce its electricity cost in
trading with nearest neighbors, but they do not find benefits for longer distance electricity ex-
change due to too high power transmission cost. It can be assumed that the found benefits are
even overstated, since no storage options are applied and no dispatchable renewables are con-
sidered, whereas both would reduce the value of long distance power transmission. The next
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step of common research effort has to take more into account the economics of global energy
interconnection. One of the very few techno-economic considerations of a global energy inter-
connection is shown in Figure 1. To the knowledge of authors, it is the only existing research
for a global energy interconnection based on 100% renewable electricity and it is carried out
in full hourly resolution. The world is structured into 23 main regions, the resource assess-
ment uses the methods of Bogdanov and Breyer (2016) and the same technical and economic
assumptions, whereas load assumptions and other assumptions can be found in more detail
in the major research (Breyer et al., 2016; 2017; Bogdanov and Breyer, 2015; Aghahosseini
2016; 2017; 2019a; Barasa et al., 2018; Gulagi et al., 2017b; 2017¢; Barbosa et al., 2017). The
scenario design uses the overnight approach and technical and financial assumptions for the
year 2030. The 23 regions can be also integrated into the 9 major regions as typically reported
in research of Breyer and Bogdanov et al.

An interesting fundamental finding is that a power system integration for 23 regions in
the world is already highly optimized. The global average levelized cost of electricity (LCOE)
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FIGURE 1
Installed capacities for a fully renewable electricity system for 2030 assumptions for the 23 single
regions (top) and global energy interconnection (bottom).
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for all 23 regions treated as single regions without electricity interconnection between them
leads to 54.3 €/MWh. If the 23 regions are interconnected on the level of the 9 major regions,
which practically means the electricity exchange option for two to three neighboring regions
(see Table 2), then the cost can only be marginally reduced to 53.5 €/ MWh (~1.3%). The full
global energy interconnection of the 23 regions leads to a total LCOE of 52.5 €/ MWh (-2.0%
vs 9 major regions and —3.3% vs 23 single regions), as depicted in Figure 2. These results
confirm the trend of cost reduction in large-scale interconnection, however, the relative cost
advantage is substantially smaller. This may lead to the conclusion that the largest power sys-
tem integration benefit may be already realized in interconnecting the 145 regions of the full
LUT model (Breyer et al., 2017; Bogdanov et al., 2019a) to 23 regions, whereas a further level
of interconnection does not lead anymore to substantial cost reduction. Such a possible effect
should be more analyzed in future research. The relative distribution of the global weighted
average total system LCOE of 52.5 €/ MWh shows least cost in Australia, China South, Russia
West and Europa Atlantic of about 45-46 €/ MWh and highest cost in India, Mekong region
and Japan/ Korea of about 62-69 €/ MWh. A global energy interconnection does not lead to a
global uniform cost level, since the power line interconnection adds to the cost, which requires
respectively lower electricity generation for an overall cost reduction.

Levelized Cost of Electricity
(generation, curtailment, storage and transmlssmn)Average LCOE: 52.5 € MWh

0 10 20 30 40 50 60 70 80 90 100
Levelized Cost of Electricity

(generation, curtailment, storage and transmission)
FIGURE 2
Distribution of total system LCOE for global energy interconnection on the 23 regions which are
allowed to exchange electricity.

The findings for the total system LCOE are confirmed by other metrics, such as the total
generated electricity for the given demand which is about 33,120 TWh (23 single regions),
32,920 TWh (9 major regions) and 32,430 TWh (global energy interconnection). Wind en-
ergy slightly benefits from a large-scale energy interconnection, as the global wind energy
generation share rises from 44% (23 single regions) to 46% (global energy interconnection)
and the solar PV share declines from 35% to 33%, respectively. The effect of increasing wind
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energy for large scale integration shall not be overestimated, since energy transition research
revealed that the fast cost decline of solar PV and batteries (Vartiainen et al., 2019) may lead
in the period from 2030 to 2050 to a substantially higher solar PV share in total electricity
supply (Ram et al., 2019a; Bogdanov et al., 2019a). The equivalent power generation capacity
values for 2030 confirm the trend of reduced electricity generation requirement as a function
of increasing geospatial interconnection, since the total installed capacity can be reduced from
about 14,280 GW (23 single regions) to about 13,570 GW (global energy interconnection),
which allows a reduction of 5.0% of the power capacities for an optimized utilization in the
global energy interconnection, which in turn requires power transmission capacity to enable
cross-border electricity exchange among the regions. The global energy interconnection does
not significantly reduce the curtailment since 4.7% of curtailed electricity (23 single regions)
is only improved to 4.1% (global energy interconnection). There is a trade-off between storage
and cross-border electricity exchange, since 14.7% of all electricity demand supplied by storage
(23 single regions) declines to 13.7% (9 major regions) and further declines to 13.3% (global
energy interconnection), whereas the share of cross-border electricity exchange achieved is
3.5% (9 major regions) and 4.4% (global energy interconnection).

The role of storage is not much discussed in this paper, but detailed description can be
found in (Breyer et al., 2016; 2017; Bogdanov and Breyer, 2015; Aghahosseini 2016; 2017;
2019a; Barasa et al., 2018; Gulagi et al., 2017b; 2017¢; Barbosa et al., 2017). Koskinen and
Breyer (2016) provide insights on the role of storage in global and transcontinental energy
system studies. These results confirm the value of power interconnection, however, the highest
benefit can be achieved for interconnecting the world structured in 145 regions to 23 regions,
whereas the additional value of further power system integration seems to be rather limited,
but cost decline through interconnection can be still observed.

The specific HVDC transmission grid losses are assumed to be 1.6%/1000 km and 1.4%
per HVDC converted pair as applied in Bogdanov and Breyer (2016). Transmission losses
of the major region integration as detailed in Table 2 are in the global average 4.1% of the
transmitted electricity, within a range of 2.9% in the SAARC region and 6.7% in Europe,
whereas the loss as ratio to total electricity demand is in the global average 0.8%. About 17%
of total electricity demand is transmitted via the HVDC overlay grid in the major region de-
sign. About 4% of total electricity demand is cross-regionally exchanged in the global energy
interconnection structuring of the 23 regions as visualized in Figure 3. The average levelized
cost of transmission of the area-wide major region integration comprises about 5.6% of the
total levelized cost of electricity in the global average, whereas the total investment cost can
be reduced by about 10.6% for the area-wide major region integration compared to the re-
gion-wide system design, which clearly indicates the value add of the respective investments for
the HVDC transmission grid integration.

Figure 3 visualizes the regional structuring of the 23 regions and the allowed power inter-
connections. The chosen points of interconnection are either the load center of the respective
region or a geographic mean area. Power interconnections which generate benefits within the
chosen model setup are shown in white color, whereas offered power interconnection without
realized cost benefits, and thus not used, are colored in red. It can be observed that in the
structure of the 23 regions no cost reduction for the total energy system can be found for in-
terconnections across the Atlantic (neither North nor South), Pacific and North Pole. Purvins
et al. (2018) found a small benefit of interconnecting North America and Europa via Iceland,
whereas an updated cost assumption on low-cost local solar PV and battery (Vartiainen et al.,
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2019), but also wind energy (Bogdanov et al., 2019a) may remove the found small benefit.
The evenly distributed renewable energy resources in Sub-Saharan Africa limit the value add
of power interconnection between Central Africa to Southern Africa. The long distances for
power interconnection between Australia and Southeast Asia to neighboring regions do not
generate a value add in the chosen structure of the 23 regions. Still, it has to be noted that a
power interconnection of Australia and Singapore has been proposed recently (Chin, 2019),
which may include more considerations than only economic ones. The Americas are inter-
connected, as well as Europe, Eurasia, North Africa, Central Africa, Middle East, Pakistan,
India, China, Central Asia/ Siberia and Japan/ Korea, while Southern Africa and Australia
with Oceania are mostly autonomous from the global grid. In total three major grid clusters
are formed: Americas, Europe-MENA-Central Africa and Asia, with interconnection between
last two. The results clearly show that close neighboring regions can realize a cost reduction in
most cases by allowing power interconnection, whereas benefits from very long-distance power
interconnection across the oceans could not be found.

FIGURE 3

Global energy interconnection for the world structured in 23 regions. The modelling is done in full

hourly resolution for the case of 100% renewable energy for 2030 technical and financial assumptions.
White colored interconnections generate benefits to the total energy system, whereas red colored
g gy Sy
power lines cannot contribute to further cost reductions. The node in the very north represents a
possible power interconnection via the North Pole.

The used aggregation algorithm (Bogdanov and Breyer, 2016) for solar PV and wind ener-
gy depends on the size and structure of regions, since the best sites in a region are aggregated.
This effect can lead to an increase or decrease in full load hours (FLH) of solar PV and wind
energy. The difference for fixed-titled solar PV from 145 regions linked with power lines to 92
countries to 23 macro regions is only +0.2% higher FLH, whereas one can find for solar PV
single-axis tracking an increase of 4.1% in FLH and for wind energy a decline of —2.8% in
FLH. These deviations seem to be manageable, however, for better comparability of the results,
modifications shall be applied to reduce the impact of this effect to a minimum level in future
research. An appropriate method would be the resource assessment for the 145 regions, aggre-
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gated to 92 countries, and then using the relative resource utilization values of the 145 regions
as a weighting factor for the aggregation to larger regions.

First research insights are available for global energy interconnection of electricity-based
products, which do not need power transmission interconnections for global trade. Even exist-
ing global trade infrastructure of the fossil fuel based energy system can be used in the future.
The coal-based infrastructure cannot be used and will end as stranded assets, however, the oil
and gas infrastructure may have some value. Heuser et al. (2019) investigate electricity-based
hydrogen export from Patagonia to Japan, whereas Gulagi et al. (2017a) have found benefits
of converting electricity to synthetic natural gas (SNG) which requires liquefaction, long-dis-
tance transport and regasification for the case of Australia and Northeast Asia. However the
same paper could not confirm the benefits for cross-border exchange of electricity for the same
exporting and importing regions. Fasihi et al. have shown substantial benefits of international
trade of PtX products, as shown for liquefied SNG (Fasihi et al., 2015), Fischer-Tropsch liquid
fuels (Fasihi et al., 2016), methanol and dimethyl ether (Fasihi and Breyer, 2017), ammonia
(Fasihi et al., 2020), and indicated similar characteristics for all hydrogen-based synthetic fuels
and chemicals (Fasihi and Breyer, 2020; Fasihi et al., 2017). All these examples utilize at least at
some point the existing infrastructure. A recent report on PtX trade also highlights the merits
of international cooperation and trade of respective synthetic fuels (WEC, 2018).

Y, 3, LIMITATIONS OF RESEARCH ¥

The state-of-the-art research has improved substantially in recent years, in particular 100%
RE research is now established as an own research field (Hansen et al., 2019), full hourly
modelling is standard for cutting-edge ESMs and almost all energy sectors can be modelled in
high geo-spatial and temporal resolution. However, no research exists for a full energy system
including industrial feedstock representing the main industries for a highly renewable energy
system. This is required to show in a comprehensive way the features of a full global energy
interconnection for all final energy demands in high geo-spatial and temporal resolution as an
energy transition from the present to 2050. The dominating energy carrier in a future energy
system will be electricity as primary energy and also as final energy, complemented by hydro-
gen as most valuable platform energy carrier (Ram et al., 2019a; Fasihi and Breyer, 2020).
Whether hydrogen will be much traded on a global scale will depend on technical develop-
ments for efficient hydrogen transport, in particular in the form of liquefied hydrogen. Other
final energy demand fuels will be liquefied SNG, synthetic liquid fuels and the two main bulk
chemicals methanol and ammonia. A comprehensive global energy interconnection modelling
has to be structured in high geo-spatial resolution and allows a full power interconnection of all
regions, but also the other main energy carriers, in particular hydrogen, SNG, synthetic liquid
fuels, methanol and ammonia, so that the global energy system for all sectors is represented.

The current low-cost electricity sources solar PV and wind energy are available for 20-25
€/MWh and 25-30 €/MWh at excellent sites in the world (Vartiainen et al., 2019; FS-UN-
EP and BNEF, 2018). It is expected that solar PV can achieve cost levels of about 10 €/
MWh in the 2020s (Vartiainen et al. 2019). Electricity available at such a cost level can enable
high full load hours for PtX applications, in conjunction with low-cost electrolyzers, since
hydrogen buffer storage can decouple variable renewable electricity availability from baseload
hydrogen demand of synthesis units in a two-step power-to-hydrogen and a hydrogen-to-X
process (Fasihi and Breyer, 2020). This system can be potentially further boosted by low-cost
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batteries which could help to lift the full load hours of CO, direct air capture for efficient
hydrogen-to-X processes (Breyer et al., 2019b; Fasihi et al., 2019; Breyer et al., 2019¢). The
megatrend of very low-cost renewable electricity and its conversion in PtX processes will have
an impact on the global energy interconnection at the supply side with electricity transmission,
in transportation of these fuels and chemicals and at the demand side. A comprehensive global
energy interconnection modelling will have to capture these new global energy trade pattern.

Another effect requires more attention in global energy interconnection research: competi-
tion of long-distance power transmission with very low-cost electricity generation and low-cost
storage technologies. Cost decline of solar PV is linked to learning rates of about 25% in the
long-term and PV module learning rates of close to 40% were observed in the last 10 years
(Vartiainen et al., 2019; ITRPV, 2019). Respective learning rates for battery storage and elec-
trolyzers are around 15% (Schmidt et al., 2017). The relative cost decline of power transmis-
sion technologies are much lower and not comparable to the above mentioned technologies.
These trends lead to a relative decline in competitiveness of long-distance power transmission
and more locally and regionally structured energy systems. Understanding the sensitivities of
such long-term cost decline trends on the structure of the global energy interconnection will
be rewarding for anticipating most beneficial long-term cooperation for international energy
trade.

N, 4. CONCLUSIONS ¥

Existing research clearly finds economic benefits of a power system integration of decen-
tralized regional systems for a major region and on a continental level, whereas for clusters of
major regions a global electricity interconnection cannot generate comparable additional ben-
efits. This study represents the very first results of a global energy interconnection, including
9 major regions and 23 regions, calculated in full hourly resolution and for achieving highest
levels of sustainability. The calculated levelized cost of electricity for an entirely interconnected
energy system globally is 52.5 €/ MWh, which is 4% lower than an isolated global energy sys-
tem. Although smaller benefits can be achieved via long-distance grid interconnections global-
ly, the results suggest that the higher complexity of the system can be only marginally covered
by additional economic benefits.

Long-distance energy trading in a future energy systems respecting sustainability guard-
rails may happen in the form of high-density energy carriers, in particular liquefied SNG, syn-
thetic liquid fuels, methanol and ammonia, whereas further technology progress for liquefied
hydrogen may be needed for establishing global hydrogen value chains and respective trading.

Comprehensive global energy interconnection research should enlarge the scope of energy
from electricity to all relevant energy carriers of a sustainable future energy system, namely syn-
thetic hydrocarbons (SNG, Fischer-Tropsch liquid fuels), methanol, ammonia and liquefied
hydrogen. A high global granularity of geo-spatial structuring may reveal the relative range of
economic benefits generated by power transmission, which may be complemented by progress
in understanding future trade patterns for renewable electricity-based PtX fuels and chem-
icals and their respective transportation costs. Substantially more research for global energy
interconnection in high geo-spatial resolution and full hourly resolution of a highly renewable
energy system is needed, in particular also for its techno-economic features.

The global energy system has to achieve zero GHG emissions till the mid-21st century,
fulfil the Sustainability Development Goals of United Nations and respect the concept of
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sustainability guardrails. Global energy interconnection will be part of the many solutions and
more research will help to better understand its impact and additional value.
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